To a glass scientist, the name "Fulcher" conjures images of viscosity vs. temperature diagrams for glass-forming liquids. Indeed, Gordon Fulcher's seminal 1925 publication, in which he proposed his three-parameter model of viscosity, is one of the most significant and influential papers ever published in the field of glass science. Fulcher developed this equation during the early part of his 14-year career at Corning Glass Works (1920)(1921)(1922)(1923)(1924)(1925)(1926)(1927)(1928)(1929)(1930)(1931)(1932)(1933)(1934). However, Fulcher's work in viscosity represents a small fraction of his highly diverse and accomplished career, which included pioneering the field of electrocast ceramics and developing the modern system of scientific abstracting that is still in use today. Fulcher also had a keen interest in social and economic problems, and his latter research focused heavily on the field of metacognition, i.e., the process of thinking.
INTRODUCTION

This may be the most important proposition revealed by history: "At the time, no one knew what was coming." -Haruki Murakami, 1Q84
In 1932, W. H. Zachariasen began his groundbreaking paper, "The Atomic Arrangement in Glass," with the remark, "It must be frankly admitted that we know practically nothing about the atomic arrangement in glasses" (Zachariasen, 1932) . Zachariasen was just 26 years old when this paper was published, and his work has since become one of the most influential papers in the history of glass. Even more remarkably, this research constituted Zachariasen's sole contribution to the field of glass science. Among the early pioneers of glass science, it was surprisingly common for individuals to have only one or two publications in the field. As with Zachariasen, Arthur Tool's introduction of the fictive temperature concept in 1931 was one of his few published works in glass, and yet it also stands as one of the most influential papers in the field (Tool and Eichlin, 1931) . Likewise, the tremendous influence of Walter Kauzmann's sole publication in glass,"The Nature of the Glassy State and the Behavior of Liquids at Low Temperatures" (Kauzmann, 1948) is still felt today. Another early giant in the field of glass science is Gordon Scott Fulcher, whose 1925 paper, "Analysis of Recent Measurements of the Viscosity of Glasses" (Fulcher, 1925) , established the Fulcher equation,
as the de facto standard for describing the temperature dependence of the viscosity of glass-forming liquids, η(T ), throughout most of the next century. Fulcher proposed this equation empirically based on its ability to reproduce measured viscosity data accurately and its economy of parameters: only three fitting coefficients -A, B, and T 0 -were required to describe η(T ) curves spanning more than 10 orders of magnitude in viscosity.
Many workers in the field do not realize that Fulcher proposed this equation while he was a staff scientist at Corning Glass Works, where he worked at the Research Laboratory from 1920 to 1934. It is also not commonly known that Fulcher's work in viscosity represented just a small fraction of his distinguished career. The objective of this perspective article is to provide a brief biographical sketch of Gordon Scott Fulcher's remarkable life and contributions, which spanned across many varied disciplines from glass and ceramic sciences to physics, economic theory, and even educational psychology. Throughout his extraordinary career, Fulcher proved himself to be a role model for innovative thinking and leadership.
EARLY BIOGRAPHY OF GORDON SCOTT FULCHER
Gordon Scott Fulcher (Figure 1) 
CORNING YEARS AND CORHART REFRACTORIES
Gordon Fulcher joined the Research Laboratory at Corning Glass Works in 1920, where he performed extensive research in the electric melting of glass. Electric melting is especially harsh on the refractory materials used during the melting process, which must withstand very high electrical voltages. Much of Fulcher's career at Corning focused on the development of new refractory materials with higher values of electrical resistivity. Fulcher is credited with the discovery of electrocast refractories, initially based on sillimanite and later incorporating a combination of silica and zirconia to improve the strength of the resulting refractory bricks. 
VISCOSITY OF GLASS-FORMING LIQUIDS
"To the glassmaker, the viscosity of his glass, particularly at the higher temperatures, is of the greatest importance." So begins Gordon Fulcher's groundbreaking paper on the viscosity of glassforming liquids (Fulcher, 1925) . Indeed, an accurate understanding of the viscosity of glass-forming liquids is critical for all aspects of industrial glass production, from the initial melting and fining stages to the forming processes and any ensuing relaxation of the low-temperature glassy state. Although he proposed Eq. 1 empirically, at the time of its publication, Fulcher's paper was by far the most thorough treatment of viscosity in the literature, with a careful analysis of experimental viscosity data for a number of different sodium silicate compositions and consideration of a variety of possible equations. The sodium silicate glasses under study also incorporated different concentrations of MgO, CaO, Al 2 O 3 , and B 2 O 3 . The Fulcher equation combines a quantitatively accurate description of viscosity over more than 10 orders of magnitude, accomplishing this feat with only 3 adjustable parameters (Scherer, 1992) .
Within Corning, Eq. 1 is simply called the Fulcher equation. However, outside of Corning, it is more commonly known as the Vogel-Fulcher-Tammann (VFT) equation. Fulcher's 1925 paper was indeed preceded by a publication from Hans Vogel in 1921. However, Vogel's publication contained <200 words of text and presented the equation in a somewhat encrypted form (Vogel, 1921) . Although Vogel's paper did not contain any data, he claimed that the equation provided an accurate description of the temperature scaling of viscosity for water, mercury, and oils. After Vogel and Fulcher's publications, the same equation was also proposed by Tammann and Hesse in their 1926 study of the viscous flow of organic liquids (Tammann and Hesse, 1926) . Although they cite Fulcher's earlier paper, Tammann and Hesse became aware of his work only after having arrived at the same equation independently. Hence, Eq. 1 is most commonly referred to as the VFT equation, with the exclusion of only the unfortunate Hesse.
For nearly a century since its initial publication, the VFT equation has been the de facto standard for describing the temperature dependence of liquid and supercooled liquid viscosity. Indeed, this equation has been critical for all aspects of industrial glass manufacturing. Despite its ubiquity, there is one notable problem with the equation, viz., the divergence of Eq. 1 as the temperature approaches T 0 . While in practice, this singularity is always avoided by the glass transition, i.e., the structural arrest of the supercooled liquid into the frozen glassy state; it is known to lead to an overprediction of viscosity at temperatures nearing the glass transition (Macedo and Napolitano, 1968; Scherer, 1992; Hecksher et al., 2008) . In order to eliminate this systematic error, new equations have been proposed that are derived from fundamental physical considerations and avoid the problem of finite temperature divergence, while still having the same number of adjustable parameters (Avramov and Milchev, 1988; Mauro et al., 2009) .
Although Eq. 1 was proposed empirically, many researchers have tried to ascribe physical meaning to the various fitting Frontiers in Materials | Glass Science parameters, particularly the T 0 parameter at which the VFT equation predicts a dynamic divergence. Through the connection between viscosity and configurational entropy proposed by Adam and Gibbs (1965) , the T 0 parameter of the VFT equation is often associated with the Kauzmann temperature T K , at which the configurational entropy of the supercooled liquid would become zero by extrapolating from higher temperature (Kauzmann, 1948) . In other words, the divergence of viscosity at T 0 predicted by the VFT equation would correspond to a vanishing of configurational entropy as suggested by Kauzmann. As a way to avoid this so-called "entropy catastrophe," Gibbs and DiMarzio (1958) proposed the existence of an ideal thermodynamic glass transition at T K . While highly debated in the literature, subsequent work by Stillinger has shown convincing theoretical arguments for why the concept of an entropy catastrophe at T K is unphysical (Stillinger, 1988) . The questions of dynamic divergence and the Kauzmann entropy catastrophe are discussed in much greater detail in a recent review article by the author (Mauro, 2011) .
SCIENTIFIC ABSTRACTING
From 1919 to 1920, Fulcher served as a scientific associate with the National Research Council, where he prepared rules for the abstracting of authors' submissions. He also served as the abstract editor of Astrophysical Journal and Physical Review. While at Corning, Fulcher served as the managing editor of Physical Review (1923) (1924) (1925) and introduced the practice of distributing programs and abstracts at American Physical Society meetings. Fulcher's new method of abstracting was adopted for the subject index of Science Abstracts. In May, 1924, Fulcher traveled to Brussels, Belgium, as a representative of the National Research Council to attend a meeting of the Committee on Intellectual Cooperation of the League of Nations. The committee included such notable scientists as H. A. Lorentz, M. Curie, and P. Langevin. The committee voted unanimously to recommend that all articles published by scientific journals should be preceded by abstracts, following the rules adopted by Physical Review under Fulcher's leadership. Upon finishing his tenure at Physical Review, the American Physical Society passed a resolution expressing appreciation "for introducing an abstracting system, which has proved a distinct contribution to bibliographic method, and for greatly improving the quality of papers appearing in the Physical Review, by an immense amount of detailed editorial work."
ECONOMICS AND METACOGNITION
Fulcher held self-described liberal views on politics and religion and had an intense interest in economic theory, educational psychology, and the great social and moral problems facing the world. These problems were the main focus of his research after retirement from the ceramics industry and his subsequent move to Washington. He initially focused on the cause of economic depressions, publishing a series of papers on prosperity and underspending in which he argued for a tax on underspending analogous to a sales tax on spending. As a result of his research, Fulcher "became convinced that progress in solving social problems is greatly hindered by the inability of political and other leaders to think soundly." This led Fulcher to publish two short books in the field of metacognition. His 1948 book, Better Thinking for Better Living, was published by Edwards Brothers, and in 1965, Northwestern University Press published his book on Common Sense Decision-Making.
CONCLUSION
Even several decades after his death on October 21, 1971, the legacy of Gordon Scott Fulcher lives on. His paper on the viscosity of glass-forming liquids is one of the most influential papers ever published in the field of glass science. The empirical equation that he proposed has led to great debates surrounding the dynamics of supercooled liquids at low temperatures, the existence of an ideal glass transition, and the connection between the thermodynamics and kinetics of supercooled liquids and glasses. Fulcher's pioneering work on electrocast ceramics and electrical melting of glass is still the basis for much of our glass and ceramic engineering technology today. More broadly, the system of modern abstracting proposed by Fulcher is now so ubiquitous that we may take for granted the fact that someone had to invent it. The many years of thought that Fulcher put into developing his system of abstracting at the Physical Review and other journals served as a precursor for the electronic database systems that are used today.
Fulcher's interest extended well beyond the hard sciences, as evidenced by his publications in the fields of economics and psychology. Fulcher's undergraduate alma mater, Northwestern University, has even honored Fulcher with a chaired professorship in his name: the Gordon Fulcher Professor in Decision-Making at the Weinberg College of Arts and Sciences. Fulcher was a pioneering thought leader in both technical and non-technical fields who successfully transformed his innovative thinking into action that has changed the world. We should be proud to claim Fulcher as our very own Renaissance man of glass science.
Fulcher's publications comprise 21 in physics (including his one publication on the viscosity of glass-forming liquids), 5 papers on scientific abstracting, 2 papers on electrocast refractories, 7 publications on economics, and 3 papers on other miscellaneous topics. Fulcher holds 14 U.S. patents and has published two books. He was a Fellow of the American Physical Society, the American Ceramic Society, and the American Association for the Advancement of Science.
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